Abstract. A series of "virtual powder diffraction experiments" was made on models of small single crystals and nanocrystals with the core-shell structure. The results of those experiments were elaborated with application of standard methods of data analysis routinely used for reciprocal and real space analyses of polycrystalline materials. It is shown that the assumption of a uniform crystal structure of nano-materials is not justified and, therefore, application of routine procedures of collection and elaboration of diffraction data may lead to misinterpretation of the experiments and to incorrect conclusions about their structure. Tentative ways of using powder diffraction data to learn about the structure of nanocrystals with different atomic architecture of the core and of the surface of the grains are discussed. A need for elaboration of a model of the atomic structure of an individual nanograin with a non-uniform structure is discussed. An alternative approach to diffraction studies of nanocrystals by presenting the "footprints" of materials under study in the form of plots showing distribution of the experimental apparent lattice parameters as a function of diffraction vector Q, or bond length distribution as a function of r-distances derived from PDF function is suggested.
Introduction
In a diffraction experiment, when it comes to elaboration of the data we have already in mind a model of the material's structure to which we refer to. We have to visualize and create a model of the sample structure, otherwise we are unable to derive parameters characterizing the materials structure. In a routine procedure of analysis of nanocrystals the model which we "have in mind" is a single crystal. When examining nanocrystals we should definitely abandon this simple model and search for a model which reflects a unique atomic architecture of the nanoparticles; we have to take into account that its atomic structure is different in the core and at the surface. To find the model we need tentative methods of elaboration of powder diffraction data which will be specific for nanocrystals. It is practical to precede searching for an appropriate method by verification of applicability of the software developed for conventional powder diffraction analysis to studies of nanocrystalline materials; this should be done for both reciprocal-(Bragg) and real-space (PDF) approaches.
Do we need a definition of a nanocrystal?
After about 30 years of studies on nanocrystals there is no unique definition of a nanocrystal. Instead, we use rather a selection criteria to discern between "conventional" and "nano-materials". The most common "practical criterion" which is in use says, that "objects with at least one dimension smaller than 100 nm could be named/belong to the class of nanocrystals". A proper criterion for selecting a new group/class of materials should be based on their physical properties and should refer to specific material's phenomena and behavior. This idea is contained in a sort of definition given by Navrotsky in 2001 [1] : "A nanomaterial is any state of condensed matter or of molecules by the emergence of a new phenomena not seen at smaller or larger scales. . . . . . . the exact size at which this happens depends both on the system and the property being considered". This definition does not tell a crystallographer what are the questions that need to be answered about the architecture of a nanocrystal at the atomic level. In 2007 a "revision" of definitions and formulation of problems that crystallography is dealing with has been published in Zeitschrift für Kristallography [2] . In this publication there is only one sentence concerning nanocrystals: "Nanocrystal: real crystal with dimensions on the scale of nanometers; its structure may fundamentally differ from that of larger crystals with same composition". This "statement" does not help much when one formulates specific questions which structural studies should answer.
At present we remain with a practical problem which everyone faces when studying nanocrystals: when it comes to describing specific properties of a nanocrystal, one has to find correlations between the material's behavior and some (unique) parameters which characterize its structure. This problem should be split at least into two: one about the grain interior, and another about its surface. A third one may also come into play in some cases -a single defect, such as a stacking fault, may have a dramatic effect on a diffraction from a few-nanometer large object. We urgently need experimental tools which one can use to have an in-sight into the real structure of nanocrystal's surface. We have no tools established yet. The practical way to approach that goal is through verification of standard methods and parameters which we routinely use for characterization of crystalline materials. In this paper we concentrate on the applicability of the lattice parameter determination to the analysis of the nanocrystals and more generally on the meaning of this parameter having in mind that (most probably) a nanocrystal shows a non-uniform structure.
Lattice parameter -why is it so important?
Among structural parameters used for characterization of crystalline materials the key quantities which are determined experimentally from a diffraction experiment are the lattice parameters. Since lattice parameters constitute a foundation for calculation of various physical properties (e.g. mechanical, electrical, etc.) and thermodynamical quantities (e.g. thermal expansion coefficient, a, compressibility, c, Debye temperature, q D , internal energy, etc.) it is necessary to define the "borders of liability" of l.p. that we derive from a diffraction experiment. One of the unique properties which are often associated with nano-dimension is the "internal pressure" existing in the interior of nanocrystalline grains, e.g. [3, 4] . The only way of verification of a presence of internal pressure is through measurements of changes of lattice parameters with the grain size: P ¼ B 0 (2Da=a). For a typical material with B 0 ¼ 50 (glass), 150 (steel), or 450 GPa (diamond), a change of the lattice parameter by 0.001 A is "equivalent" to application of an external pressure of about 0.05, 0.15 and 0.45 GPa, respectively. The key problem is then the accuracy of measurements of lattice parameters which needs to be better than 0.001 A. The problem is even more difficult if a nanocrystal shows a non-uniform structure because there is no just one set of the lattice parameters which could describe the structure of a nanocrystal.
Our purpose
To learn about limitations and perspectives of diffraction studies of the atomic structure of nanocrystals, we will present and discuss "virtual diffraction experiments". We simulated diffraction experiments by calculating powder diffraction data for a series of models of nanocrystals using the Debye equation. We applied standard techniques of analysis of powder diffraction data referring to reciprocal and real space methods. We verified if the atomic structure of the models under consideration can be satisfactorily reproduced by applying the Rietveld method, and how they are projected in real space analysis, in PDF plots.
The question which we need to answer is: if a nanocrystal contains any defects or shows a core-shell structure, do we have at our disposal tools which may serve for identification and evaluation of an appropriate structural model. To demonstrate and examine limitations and perspectives of powder diffraction to studies on nanocrystals, we will present here an analysis of two tentative models of nanocrystals, one being that of a small single crystal, and the other encompassing a structural difference between the interior and the surface. In the paper we shall address such a structural feature as the "core-shell structure".
If a nanocrystal was a small single crystal . . .
Specific properties of hcp structures
A great part of nanocrystalline materials of practical interest shows an hcp type structure, either sphalerite, cubic 3C (e.g. diamond, SiC, ZnS), or wurtzite, hexagonal 2H (e.g. GaN, CdSe, AlN, etc.). It is often presented in the literature that both 2H and 3C modifications are build from the same hexagonal layers which are only differently stacked, either in ABC (cubic, 3C) or AB (hexagonal, 2H) sequence, e.g. [5, 6] . This is an oversimplified image of hcp structures which could lead to erroneous interpretation of diffraction data and materials behavior.
Most of hcp structures which occur either as 2H or 3C occur also as 3C or 2H, respectively, or they show a tendency to contain stacking faults. When examining an hcp structure one has to take into account that when a given sample does not show a perfect simple phase, any change of layer stacking in a parent structure (2H or 3C) is related to changes of the local symmetry and lengths of atomic bonds, c.f. polytypism of SiC [7, 8] . Therefore the meaning of lattice parameters as derived from a diffraction experiment for 2H or 3C structures containing stacking faults has to be adequately interpreted.
For a perfect hcp cubic structure it is sufficient to know only one lattice parameter, a cubic , to characterize fully its atomic structure. For hexagonal structure 2H one needs to know two parameters, a trig and c trig . An alternative description of the cubic structure in trigonal coordination system is often used for description of structures with stacking faults; trigonal lattice parameters are a trig ¼ a cubic (2) À1=2 and c 0, trig ¼ a cubic (3) À1=2 . For comparison of cubic with hexagonal structures, the inter-layer distance c 0 appears to be a very useful parameter; in 2H with two layers (AB) in the unit cell, c trig ¼ 2c 0 , in 3C with three layers (ABC) in the unit cell c trig ¼ 3c 0 .
Below we examined effects of several parameters which should be taken into account when interpreting a powder diffraction experiment of an hcp structure:
(i) The inter-planar spacing c 0 is different for the cubic structure 3C, and for 2H hexagonal structure. All other modifications show intermediate values of c 0 , correlated with the relative number of cubic-type (c) and hexagonal-type (h) layers; (ii) The (c 0 =a) ratio for 3C structure is 0.8165, and it is different for hexagonal modifications; this parameter can be derived only when doing refinement of lattice parameters assuming trigonal coordination system; (iii) In a cubic structure where (c 0 =a) is 0.8165, the distance between two sub-lattices is strictly defined, u ¼ (
what assures that all the shortest interatomic distances are equal. When there is a change in the (c 0 =a) ratio, e.g. in any non-cubic structure including those with stacking faults, u value deviates from ( 3 = 4 ) c 0 , the individual tetrahedrons are deformed and there is a split of r 1 distances, c.f. SiC [7, 8] . In structural analysis of hcp structures none of these parameters should be ignored.
Tentative models of a nanocrystal with hcp structure For our "virtual diffraction experiment" performed with an assumption that nanocrystal shows a uniform crystalline structure, i.e. it doesn't have an altered surface, we chose AlN which occurs both in 3C cubic and 2H hexagonal modifications. It shows a strong difference between (c 0 =a) of 3C and 2H, which are 0.8165 and 0.8005, respectively. We built models of spherical 7 nm diameter grains with cubic layer stacking and modified it by changing the (c 0 =a) ratio, implementing stacking faults and changing the u parameter. For these models we calculated "experimental diffraction patterns" using the Debye formula, and we examined the patterns applying the Rietveld method and analyzed inter-atomic distances in the real space referring to their PDF plots. Thermal atomic vibrations with the amplitude of 0.05 A were implemented in the calculations.
All 4 models showed in Fig. 1 Implications of the Rietveld refinement of the lattice parameters of nanocrystals On the diffraction patterns calculated for Models A-D, one discerns only cubic reflections and, therefore, the "basic structure" implemented in a Rietveld program is the cubic structure 3C -the cubic unit cell. This is indeed the right assumption but only for Model A. In Model B, although the layer stacking is that of the cubic structure (ABC), the cubic symmetry is lost since (c 0 =a) trig ratio is 0.8005 which corresponds to AlN hexagonal wurtzite structure. In Models C and D, although the layer stacking is "basically cubic", ABC, and (c 0 =aÞ trig ¼ 0.8165, the cubic symmetry is not preserved since stacking faults with hexagonal type stackings are present. In Model D we assumed that in the hexagonal-type layers h which occur between cubic domains ABC and CBA the (c 0 =a) trig ratio is changed from 0.8165 to 0.8005.
In Table 1 there are given lattice parameters of Models A-D calculated by the Rietveld program (POWDER CELL, www.ccp14.ac.uk/tutorial/powdcell/) for segments of the diffraction pattern at different Q intervals. Since only Model A shows the proper cubic lattice, the lattice parameters calculated for Models B-D we name EClp. Table 1 shows that all fits obtained from the Rietveld refinement program are poor and the values of as-calculated lattice parameters depend on the angular range of the data used in the refinement. This is observed for all Models, including A which has a perfect cubic lattice. As a rule, the cubic lattice parameter calculated for low-Q reflections is the largest and, with an increase in the Q-range, the calculated parameters decrease. This shows that for nanocrystals the Rietveld method does not reproduce the lattice parameters of the examined models. Since it "fails" 590 B. Palosz, E. Grzanka, S. Gierlotka et al. already at the stage of refinement of the lattice parameters, other parameters by which the examined models differ (c 0 =a, presence of stacking faults, u) cannot be identified and refined. The values of the goodness of fit parameters R p and R wp are large and very similar for all Models (Table 1) . They are only slightly dependent on the Q-range used for the refinement. Obviously any specific R-value for a given refinement is not a reliable measure of the quality of the "refined" values of the lattice parameters obtained with a Rietveld program; the observed variation of the R-values is purely a mathematical effect of the least square refinement algorithm.
One may notice that there are some specific effects shown by all Models, Table 1 : (i), the values of the lattice parameters calculated from Bragg reflections are always larger than the real ones, and (ii), the parameters calculated for larger Q-ranges tend to converge at the real value of the lattice parameter of the model.
The key reason of a poor fit of theoretical to experimental patterns is that for the former the Bragg reflections are "not exactly" at the positions linked through the quadratic equation. Low sensitivity of the performed experiment to identification and evaluation of the structural factors which we implement in our models results from the fact, that an increased sensitivity of the refinement methods is reflected in a decrease in the R-values. In practice, to get reliable and reproducible structural parameters the R-parameters should be in the range of 3-5. Table 1 shows very clearly that the Rietveld program applied to nanocrystalline materials, even for perfect single (nano) crystals, yields R p values of about 10. That means that it is practically insensitive to the specific atomic structure of even so highly symmetric and simple structures as hcp.
Nanocrystal as seen in the real space through PDF analysis
Reciprocal and real space methods of structural analysis are based on the same diffraction data and, in principle, both methods can provide a complete information on the structure of crystalline materials. Real space approach is free from limitations of traditional reciprocal space approach which, as shown above, leads to erroneous results. For this reason alone analysis in real space makes this technique attractive, better suited, and potentially a more powerful tool of analysis of nanocrystals than the other one.
In PDF plots of Models A-D which have identical EClp parameter, their average structure corresponds to the cubic (parent) lattice. From the measurements of the average inter-atomic distances, which are the same for our models, the real lattice parameter of each model can be reproduced. The differences between Models A-D show up in PDF plots through dispersion of individual interatomic distances about their average values. In Figs. 2 an example of the sensitivity of PDF analysis of Models A-D is shown. Figure 2a shows the effect of a changed (c 0 =a) ratio on the positions of the peaks corresponding to three interatomic distances. There is a small increase in the broadening of r 1 , a more pronounced broadening of r 3 , and still a stronger broadening, in fact a split, of the r 6 distance. All these effects are linked to the u parameter which is equal to 0.75 in the cubic structure A, and does not change with a change in (c=a) from 0.8165 to 0.8005 in Model B. As a result the AlN bonds in Al--N 3 (N 3 --Al) tetrahedrons, which are the same in the cubic model A, split into two values for Model B. Fig. 2b presents again the same r's of Model B and those of a similar model with the u parameter changed to 0.76. This change in u "equalizes" the AlN bonds within tetrahedron and leads to a disappearance of the split of r 1 , but causes a split of r 3 distance and has no effect on r 6 . One has to notice that a change in u has strictly no effect on the average r-distances; the change can be evaluated by the analysis of broadening and dispersion of the components of the corresponding maxima in the PDF plot. One should notice that a change in u has no effect on the positions of Bragg reflections, has only a small effect on the relative intensities of certain reflections, and it is practically not detectable for nanocrystalline samples.
A small single crystal as seen in reciprocal and real spaces -a summary Our experiment with a simple reproduction of the lattice parameters of a small single crystal from its diffraction pattern failed when reciprocal space approach was used, Fig. 3 .
The values of the lattice parameters calculated using the Bragg equation for individual reflections show a characteristic dependence on the diffraction vector Q, Fig. 3a . Because of a very poor fit (large R-values), analyses of "subtle" structural parameters from reciprocal space methods is practically impossible.
The real values of the lattice parameters from interatomic distances can be determined from PDF plots. A dispersion of values of individual r-distances about the average distances, which may occur due to defects or internal strains, do not alter the average lattice parameters calculated for a wider range of PDF plot, Fig. 3b . Distribution of lengths (a split, Fig. 2 ) of individual inter-atomic distances about their average positions, which may result from specific structural properties, could be used for identification and evaluation of structural parameters, like (c 0 =a) ratio, u parameter, density of stacking faults, or different inter-planar spacings c 0 for hexagonal and cubic type layer arrangements.
If a nanocrystal has a core-shell structure . . .
Examination of applicability of reciprocal and real space methods to studies on nanocrystals with a perfect crystal lattice was a kind of an exercise to learn about limitations and potentials of these techniques. Now we extend this exercise to examination of the structure of nanocrystals with a core-shell structure, where at the outer (surface) shell of a crystalline grain the interatomic distances are changed relative to the core, Fig. 4 . All atoms in the shell of a given thickness, s 0 , are shifted in the radial direction inwards (they are shorter) or outwards (they are elongated); the distance by which a given atom is shifted in the shell is its initial distance from the border between the core and shell multiplied by Dr s (c.f. Fig. 4 ).
Tentative core-shell models of a nanocrystal
The models which we have chosen have SiC cubic structure in the grain core, while in the shell the distances of individual atoms measured from the core-shell boundary are shifted in the radial direction by 3%: they are shorter in Models I and II and longer in Model III, Fig. 5 . The figure shows also the lattice parameters of the perfect crystal corresponding to the shortest and longest r 1 distances. The thickness of the surface shell was chosen such, that in Model I 70%, in II 50%, and in III 30% of the atoms are located in the surface shell.
The core-shell model as seen in reciprocal space . . .
Similarly as we used the Rietveld program (POWDER CELL, www.ccp14.ac.uk/tutorial/powdcell/) to examine diffraction patterns of nanocrystals with a perfect crystalline structure, we applied a similar procedure to examine the patterns of Models I-III. Table 2 lists the calculated lattice parameters together with the corresponding R-values. Because the lattice parameter values calculated for nanocrystals are Q-dependent, the parameters which we calculate from individual Bragg reflections we call the "apparent lattice parameters", alp [9] . The calculated Rvalues for the fits are very similar to those calculated for Models A-D, which means that the Rietveld refinement program is unable to discern between nanocrystals with a perfect crystal lattice and with a core-shell structure. Table 2 shows a decrease in the calculated lattice parameters with an increase in the refined Q-range; this relation is similar to that found for Models A-D, Table 1 . In both cases the reason for this behavior lies in the small size of the grains.
The lattice parameters calculated by the Rietveld program have no specific meaning, similarly like a single alp value calculated for an individual reflection: they do not characterize anything because the objects they are supposed to describe don't posses the property that may be called the 'lattice parameter'. While the analysis of lattice parameters calculated by the Rietveld method does not provide a useful information, a knowledge about specific core-shell structures is contained in changes of the apparent lattice parameters calculated for Bragg reflections over a large Q-range. For Models A-D changes of the alp values with Q follow a smooth line which tends to reach the value of the lattice parameter of the crystal at very large Q, Fig. 3 . model show a more complex shape, Fig. 6 . On the plot made for the alp interval between the lattice parameter corresponding to the core and that of the shell, the calculated alp values are always very close to the lattice parameter of the crystalline grain core. This shows that a presence of surface shell (here with up to 70% vol compressed by 3%), has only a small effect on the calculated apparent lattice parameters. On the plot made for the smaller alp interval in Fig. 6a a characteristic shape of distribution of individual alp values along the diffraction vector Q is observed. The origin of an increase in alp values of nanocrystals at low Q is in their small size; such behavior we observed already for Models A-D, Fig. 3 . However, an appearance of a maximum in alp (at Q of about 10-15 A À1 for Models I and II, and at about 15-20 A
À1
for Model III) is definitely related to and reflects the specific structure of the core-shell model. For nanocrystalline materials with a core-shell structure the "representative" lattice parameters as-calculated by the Rietveld method have no specific meaning. However, one may and should look for lattice parameters of the crystalline part of a nanocrystal, the grain core. This information is contained in the diffraction pattern but, as the above discussion shows, for nanocrystals there is no direct way to determine the lattice parameters of crystalline grain core by measuring the positions of Bragg reflections. The solution might be in the analysis of the experimental alp-Q relation through seeking a model which gives theoretical alp-Q dependence similar to the experimental one. We used this approach for evaluation of the core-shell structure of nanocrystalline diamond and SiC [10] [11] [12] [13] ; the methodology of doing such an alp-Q analysis has been published previously [9] and is not discussed here.
An alternative to examination of Bragg scattering is the real space analysis which may allow for a more "straightforward" characterization of the core-shell structure and measurement of the lattice parameters of the core of a nanocrystal.
Application of the full-profile local-structure analysis
In real space analysis a refinement of lattice parameters can be made directly from inter-atomic distances r using a full-profile local-structure analysis [14] [15] [16] ; this is analogous to the Rietveld refinement method applied to the reciprocal space. Here, instead of presenting our own calculations, we recall and comment on an example of refinement of the structural parameters of CdSe nanocrystals obtained from PDF analysis and performed by Masadeh et al. [17] ; in our opinion, it is a typical example of misinterpretation of experimental diffraction data collected for nanocrystals. Using PDFFIT program [14] the refinement have been done for CdSe nanocrystals with diameters of 2.2, 3.2, and 3.7 nm. The wurtzite structure of the samples was assumed and fits with R-values in the range of 15-20 were obtained. Despite of a poor fit, this work shows big differences in the structure of the examined nano-CdSe samples relative to non-nano crystals. The specific structural parameters refined in [17] are not much reliable and they are in contradiction to our knowledge about the CdSe structure. For instance, the (c 0 =a) ratio corresponding to the refined values of the lattice parameters changes from 0.8154 for microcrystalline sample to 0.8084 for 2.2 nm grains; for cubic and hexagonal modifications of CdSe it is about 0.8165. The corresponding refined values of the u parameter change from 0.7555 to 0.7370, while the "expected" value is always about 0.75. If the refined values had a physical meaning, some comment on such "strange parameters" would be necessary. If, disregarding this discrepancy we accepted the refined (c 0 =a) and u parameters, a clear contradiction of the information obtained from the PDFFIT refinement and PDF for which the refinement has been performed would still exist. For instance, concerning internal strains, for the samples with 2.2 and 3.7 nm the calculated relative changes of r 1 and Dr 1 =r 1 are À0.3 and þ3.6% (!), but those measured from PDF are À0.3 and þ0.5%, respectively. The direct reason for the evident inconsistencies of the structural parameters derived from the refinement with those obtained from PDF is the low sensitivity of PDFFIT program to specific structural parameters due to poor fit demonstrated by large R-values. But the real origin of those inconsistencies, and in fact of erroneous determination of the structural parameters, is that the refined model of a nanocrystal as a small single crystal is incorrect. Assuming that the examined material shows a core-shell structure, the refinement which refers to a purely crystalline model should not be applied.
Distribution of individual inter-atomic distances at PDF plot
In PDF of a crystalline material all peaks of r-distances have the Gaussian shape with the same width; for our calculations this width is about 0.08 A. A change in interatomic distances at any part of the grain volume changes average values of all inter-atomic distances calculated for the grain. A presence of surface shell with inter-atomic distances different that those in the core leads to changes of all r-distances as compared to those in the grain core. Figure 7a shows differences, Dr i , between the average values of inter-atomic distances calculated for our core-shell models as derived from PDF, and r-values corresponding to the structure of the grain core of the respective models.
Depending on the relative dimensions of the grain core and of the thickness of the surface shell, the effect of changed distances in the shell on the average r's is different. Fig. 7a shows, that for Models I-III the shortest r-distances and those which are about that of the grain radius show the smallest changes. The changes of average r-values due to a presence of the surface shell are correlated with distribution of individual inter-atomic distances about their average values. That leads to broadening of peaks in the PDF plot, which are shown in Fig. 7b as a function of increasing r-distances. Definitely, both plots in Fig. 7 reflect the specific core-shell structure of the nanograins.
Real space analysis of the apparent lattice parameter, alp(r)
The plot in Fig. 8 is based on the same data as that in Fig. 7a , but here we show the relative changes of the average r-distances with the distance length (individual Dr i are divided by r i 's of the grain cores). This plot is identical with the plot of the lattice parameters calculated for individual r-values. In analogy with alp terminology used for the analysis of Bragg scattering, the lattice parameters calculated for individual values of average r's we name also the "apparent lattice parameters", alp(r). (Note that the plots shown in Fig. 8 drawn for r-values being between that for the grain radius and the grain diameter show mir-594 B. Palosz, E. Grzanka, S. Gierlotka et al. Table 2 .
ror symmetry about the r equal to the grain radius, here 25 A [18] ).
Alp(r)-r plot shows that depending on the "refined" interval of r-values from PDF plot, one gets different average as-refined values of the lattice parameters, e.g. for Models I and II the average alp(r)'s are smaller at smaller r's and increase when larger r-values are used for "refinement" of the alp(r). The average values of alp(r) and those calculated from reciprocal space refinement (Table 2) are very similar, however those calculated from the positions of Bragg reflections are always slightly larger due to size-dependent shift of their positions towards smaller Q's, Fig. 3 .
Plots of alp(r) versus r-distance are a real space equivalent of alp's plotted against the diffraction vector Q in reciprocal space. These plots are projections of the same core-shell model in real and reciprocal spaces, and both contain the same information on the atomic structure of the material. Both plots can be used for examination of the core-shell structure of a nanocrystal. While alp-Q dependencies were already used for evaluation of core-shell models of nanocrystals [9] [10] [11] [12] [13] , we are not aware of any earlier attempt to use PDF analysis for examination of the core-shell structure of nanocrystals; although plots of relative changes Dr i =r i have been measured experimentally for diamond and SiC [18] , they were not used for evaluation of core-shell models.
How to measure and how to interpret nanocrystal dimensions?
If it is a single crystal . . .
There are never-ending discussions about the best methods of determination/measurements of dimensions of nanocrystals. Among them, powder diffraction is (probably) the most appropriate since it is measuring not a physical dimension of a particle but provides information on the coherence length of crystalline domains. The classical method is based on the Scherrer formula, which gives a dependence of the width of Bragg reflections on crystallite dimension: D ¼ 0.96l/FWHM cos Q. Although it is well known and discussed in numerous papers that the Scherrer formula does not work well for very small crystallites, it is still widely used as a standard method of characterization of the grain size and size distribution.
Application of the Scherrer formula to the diffraction pattern calculated for 7 nm spherical AlN grain with a perfect cubic structure, Model A, gives D ¼ 6.3 nm. For Model B the calculated values of the grain diameter depend on the reflection which we use; e.g., for reflections Another standard method which is often used for evaluation of the grain dimensions, together with strain, is the Williamson-Hall method which accounts for changes of broadening of Bragg reflections over a certain interval of the diffraction vector. Fig. 9 presents W-H plots made for Models A-D for reflections measured up to Q ¼ 4p sin q/l ffi 10 A
À1
. This method reproduces very well the grain diameter of Model A with a perfect cubic lattice, but it gives unreliable values of the grain diameter for samples B and C. The strain shown for Model B might be interpreted as originating from deformation of the cubic lattice due to the changed (c=a) ratio. In the general case, however, without knowing the specific structure of the examined material, assigning a specific meaning to a given value of the derived strain e is a pure speculation.
The above results show that neither of the standard methods of evaluation of dimensions of grains which are based on reciprocal space analysis is applicable to nanocrystalline materials.
If it has a core-shell structure . . .
Determination of dimensions of a purely crystalline nanograin is already very difficult, c.f. Fig. 9 . It becomes still more difficult if it concerns grains with a core-shell structure. The subject of dimension "splits" into that of the crystalline core and of the overall physical size. Models I-III have the same diameter of 5 nm, and the crystalline grain cores are 3.34, 3.96, and 4.45 nm, respectively. Williamson-Hall plots of these three models calculated from their diffraction patterns are presented in Fig. 10 . The calculated grain dimensions of all three models are about the same, 4.5 nm, and they show differences in the calculated internal strain which is between 0.017 and 0.028. The thickness of the surface shell of these models is between 0.28 and 0.83 nm. Neither dimensions, nor strains "produced" by the Williamson-Hall method are parameters which show a correlation with the real structure of the examined models. Definitely, Williamson-Hall method is not applicable to nanocrystals with a non-uniform structure.
Discussion and conclusions
In this paper we tried to answer question: "What are the conditions and our chances for a successful investigation of the structure of nanocrystalline materials by application of powder diffraction methods?"
The virtual diffraction experiments which we presented in this work show, that there are three key conditions for a successful investigations of nanocrystalline structures. They are: (i), (the right) experiment, (ii), (appropriate) data elaboration technique, and (iii), the (correct) model.
(i) The experiment
Diffraction experiments performed using conventional laboratory radiation sources give one no chance to learn about the real atomic structure of nanocrystals. The experiments performed in a laboratory using Cu or Mo radiation can be used only for reciprocal space analysis (Bragg scattering). No reliable information on the lattice parameters or other structural factors of a nanocrystal can be obtained using a laboratory diffractometer. By "forcing" any method and computer program dedicated to reciprocal space analysis to derive structural parameters from such data one must arrive at incorrect and meaningless values. Application of real space analysis to data collected with Cu (Q max ffi 6 A À1 ) or Mo (Q max ffi 14 A
À1
) radiation provides PDF with resolution no better than Dr ffi 0.6 and 0.3 A, respectively. Such a resolution is far too insufficient for structure description. To get the desired resolution of about 0.1 A one needs to collect the data up to about Q ffi 40 A À1 (Dr ¼ 3.791/Q max ). To collect the required diffraction data one needs to use either "hot neutrons" or hard X-rays available at neutron and synchrotron sources. An alternate, although half-satisfactory solution, is in using Ag radiation which provides diffraction data up to about 20 A
. Diffractometers with Ag radiation became available only in the last few years.
(ii) The data elaboration Any software developed for crystalline materials, which refers either to reciprocal or real space analysis must be used for nanocrystalline materials with a great care. Such programs serve for proving that the sample under examination shows the structure which one assumes it is, i.e. that it is crystalline and, then, refine its specific parameters. The result which one gets using that kind of a software can only show "how well" the assumed model fits the actual structure of the current sample. For nanocrystals we need an alternate way of performing structural analysis of nanocrystals. The desired solution would be a software for refining the structure of materials which are not single crystals but show a complex structure comprising of different atomic architectures of the grain interior and of its surface. But, first, we need a good model for such a refinement.
(iii) The (reference) model
The first model of a nanocrystal that comes to mind is a single crystal which is, however, far too insufficient to describe complex nano-structures. In this paper we examined a model of a nanocrystal with the surface shell expanded or compressed in the radial direction. We used this model to demonstrate different possible ways of elaboration of the diffraction data, and to evaluate application of two alternate approaches to projecting and describing quantitatively the core-shell structure using tools developed for reciprocal and real spaces analysis. A comparison of projections of nanocrystals into reciprocal and real spaces indicates, that the real space analysis and an insight into distribution of the real values of inter-atomic distances could be more effective than reciprocal space analysis.
Our simple model is not based on any analysis accounting for specific inter-atomic interactions, we do not claim that it is a realistic model and definitely it needs further refinements.
Considering tentative models we should carefully examine the results of characterization of nanocrystalline materials by other techniques; we turn our attention to coherent scattering and molecular dynamic simulations.
A help from coherent scattering studies?
Coherent scattering techniques make it possible to record diffraction images of individual, nanometer-size particles. This indeed may mean a breakthrough in studies on nanocrystals, in particular in identifying strains at the surface shell of nanocrystals [21, 22] . Recently an analysis of the structure of 4 nm gold nanocrystal showed that there is a contraction of the interatomic distances at the surface on the range of 0.05 to about 0.2 A (depending on the atomic plane), which begins at about 0.5 nm from the edge surface of the grain [23] . While appreciating results obtained by coherent scattering technique we should not miss the fact that there are at our disposal tools which can provide similar information contained in the PDF function, c.f. Figs. 7 and 8.
A help from Molecular Dynamic simulations?
There are a few examples of using computer simulations to find a model of a nanoparticle and then verify such a model by PDF analysis. In a series of papers [24] [25] [26] the structure of ZnS nanocrystals simulated by MD method has been successfully confirmed by PDF analysis. It is worth to stress out that, in these papers, no discussion about the lattice parameters is done, they are not even mentioned. Instead, the structural characterization was referred to interatomic distances and to the analysis of relative changes of interatomic distances shown by the PDF functions. This is certainly a good alternative to conventional approach based on reciprocal space analysis, which starts with assuming a single crystal model, then adds strains, defects, and disordering.
There is an alternative to conventional refinement methods . . .
In recent years there are plenty of papers published on rediscovering the potential of nearly a hundred years old finding: the Debye formula. Using this formula, without any approximations, simplifications, etc., one can calculate a "perfect diffraction pattern" of any atomic assembly. There is a tremendous progress made in the last few years towards facilitating for the sake of the "general community" the task of performing calculations of atomic models of nanoparticles that anyone can build, and computing their corresponding diffraction pattern. Indeed, a direct comparison of experimental data with their theoretical patterns calculated for a given model is free from limitations of the reciprocal space analysis. There are various directions of developing a software for building models of nanocrystals which account for specific grain shape and dimensions, a possibility of implementing atomic displacements at the grain surface simulating surface relaxation (e.g. [27] [28] [29] [30] [31] ), but also an option to implement different thermal atomic vibrations in the interior and at the grain surface [32] . This is a very important step towards development of tools dedicated to studies on nanocrystals which might have a big impact on development of crystallographic tools appropriate for and dedicated to studies on nanocrystals. Until now the software developed for modeling and Debye calculations is used in a rather simple way with purely crystalline structure of a nanocrystal as the starting point, while reconstruction of the surface is implemented only occasionally. One needs to mention a big potential of the reverse Monte Carlo method which allows for creating atomic models of nanocrystals [33, 34] starting from diffraction patterns. The "only" problem is that one has to have a starting model which needs to be close to the real one, similarly as is the case for all methods which serve for structure refinement, either in reciprocal or real space approaches.
Do we really need a physical model and definition of a nanocrystal?
In the Introduction we noted a lack of definition of a nanocrystal and asked if we know enough about its structure to offer a model which could be described by a set of "refinable" parameters. Looking at the problem from a diffractionist's point of view it seems that we are not prepared to offer such definition yet. A tentative core-shell model which we use is a kind of a "substitute" which helps us to come up with some numbers which characterize the model. One should take into account a possibility of overcoming the need to build a physical atomistic model described by a set of parameters which provide its possibly unique and precise description. One may consider an option that instead of presenting a physical model we choose a projection of a nanocrystal in the form of a plot of the apparent lattice parameter, alp, either using the reciprocal space approach (i.e. alp as a function of diffraction vector Q) or as alp(r) in real space (i.e. as a function of the length of interatomic distances). Another choice might be a plot of Dr vs r or broadening of PDF peaks as a function of r. All these plots constitute a kind of a "footprint" of examined nanomaterials and might serve for correlation of physical with structural properties.
Final remarks
We have no choice but accept the fact that for majority of researchers crystallography is one among many standard methods they use to get parameters characterizing materials. It is a common practice nowadays to "force" existing crystallographic softwares like the Rietveld program to "refine" lattice parameters and other factors. It is very easy to forget that it does not matter how good the computer program is if it cannot verify its own "findings" and will not check the quality or reliability of the results which it produces. In the literature there are many more or less meaningless numbers which are called "lattice parameters". They were (and still are) used by many researchers as foundations for searching (and establishing) various correlations between specific physical and structural properties of nanocrystals. Having no appropriate tools for derivation of reliable information on the structure of nanomaterials, it is definitely better to have no information at all.
